Precocious male puberty is a significant problem in Atlantic cod aquaculture. While photoperiod manipulation can inhibit testis growth, a detailed analysis of effects on spermatogenesis is missing. Starting July 1, 2004, prepubertal fish were exposed to different photoperiod regimens in indoor tanks for 17 mo. Testis histology, germ cell dynamics (proliferation and apoptosis), and plasma androgen levels were analyzed. In the natural light (NL) group, testis growth started in September 2004 and was completed in February 2005, when a 2-mo spawning period started. In the constant light (LL) group, none or very few spermatogenic cysts were recruited into spermatogenesis, and apoptotic germ cell loss was high. A change of photoperiod from NL to LL at winter solstice (December 21, 2004) resulted in premature (2 mo) completion of the reproductive cycle, while changing from LL to NL at winter solstice triggered faster than normal testis development. Plasma testosterone levels increased in the NL group from spermatogonial proliferation toward meiosis, while those of 11-ketotestosterone increased toward spermiogenesis and spermiation. Plasma androgen levels did not rise under LL conditions. Comparing fish with developing testes from all groups indicated that low androgen levels were associated with a high incidence of spermatogonial apoptosis; we also found that androgen receptor mRNA expression was most prominent in Sertoli cells in contact with growing spermatogonial clones. Our data show that an inhibitory photoperiod (LL) reduced or blocked differentiation of spermatogonia, increased apoptosis (particularly among proliferating spermatogonia), and was associated with reduced androgen levels, a situation possibly reflecting insufficient gonadotropic stimulation.
INTRODUCTION
In recent years, there has been a rapid development of Atlantic cod (Gadus morhua, L.) farming in the North Atlantic as a response to declining wild stocks. Although its potential for farming is considerable, farmed male Atlantic cod enter puberty earlier than wild specimens. Wild cod mature at an average age of 5 yr [1] , while under optimal growth conditions in captivity, the first gonad maturation can be observed in 1-and 2-yr-old fish [2, 3] . This early maturation reduces appetite [4] , causes weight loss [2] , restricts growth [5] , and decreases flesh quality at the end of the spawning season [6] , features compromising the sustainability of cod aquaculture [7] . The physiological background of early male puberty has not been characterized, to our knowledge.
During spermatogenesis, stem cells produce spermatogonia that proliferate mitotically to increase germ cell number, before entering meiosis and spermiogenesis to give rise to haploid, flagellated spermatozoa [8] . In fish (and amphibians), spermatogenesis takes place within cysts formed by Sertoli cells that envelope a developing germ cell clone derived from one spermatogonial stem cell [9] . The spermatogenic cysts are situated in the seminiferous tubules and together constitute the spermatogenic epithelium of the testis. In Atlantic cod, the testis is composed of several lobes that insert into a central, common sperm duct. Cysts with spermatogonia are located in the periphery of these lobes, while more mature stages are found closer to the sperm duct, hence establishing a gradient of cellular maturation in each lobe [10, 11] .
Photoperiod has a major effect on the activity of the brainpituitary axis and, consequently, on gonad maturation and activity in vertebrates [12, 13] . In teleost fish, photoperiod cues can modulate maturation [14] [15] [16] [17] and therefore have been tested as means to delay or inhibit early male puberty during the ongrowth period in cod [5, [18] [19] [20] . In these studies, spawning activity and/or plasma steroid levels were recorded, and gonad growth was assessed using ultrasound or by determining gonadosomatic indices (GSIs) or oocyte diameters. To our knowledge, no detailed information is available regarding the effects of photoperiod manipulation on the complete process of spermatogenesis; thus, it is unknown which phases of spermatogenesis (spermatogonial proliferation, meiosis, spermiogenesis, and sperm storage) are photoperiod sensitive.
It is reasonable to assume that environmental cues such as photoperiod and temperature are integrated by the brain, subsequently triggering changes in the activity of physiological systems regulating spermatogenesis. Hence, the brain-pituitary axis would produce endocrine signals mediating these environmental signals to the testis. Sertoli cells are an important target for the endocrine regulation of spermatogenesis. For example, the Sertoli cell-specific loss of androgen receptor (Ar) function results in complete spermatogenic failure in mice [21] . In eel, as in other fishes, follicle-stimulating hormone (Fsh) triggers the production of androgens [22, 23] , which in turn stimulate spermatogonial proliferation and differentiation and meiosis via Sertoli cell activation [24] . Two types of androgens are important for regulating spermatogenesis in teleosts, testosterone (T), which is known for its feedback effects on the brain-pituitary axis [25, 26] , and 11-ketotestosterone (11-KT), an androgen typically found in fish that stimulates spermatogenesis, secondary sexual characteristics, and sexual behavior [27, 28] .
In this study, we aimed at identifying the phases of spermatogenesis that are modulated by the photoperiod. Using combinations of photoperiod regimens, we created four experimental conditions that resulted in largely different testicular growth patterns. These patterns have been analyzed morphologically (testis histology, germ cell proliferation, and apoptosis) and put into context with plasma androgen (T and 11-KT) levels in a large number of individuals.
MATERIALS AND METHODS

Animals, Light Treatment Groups, and Sampling
Male and female prepubertal Atlantic cod (Norwegian Coastal cod) were reared in 3-m-diameter, 1-m-water height (7 m 3 ) seawater outdoor tanks at the Institute of Marine Research, Austevoll Research Station, Storebø, Norway (608 north). The larvae hatched in March 2003 and were first fed natural zooplankton in a semienclosed seawater pond before transfer to the experimental tanks, where they were fed a commercial dry pellet diet (DanEx 15-62; Danafeed, Horsens, Denmark) ad libitum. The tanks were supplied with seawater pumped from 168-m depth, and the mean 6 SD water temperature ranged from 7.4 6 8.18C to 9.4 6 0.38C during the experimental period. All fish were treated and euthanized according to Norwegian National Legislation for Laboratory Animals [29] .
From July to December 2004, the animals were divided into two groups, each in six replicate tanks (initial n ¼ 175/tank). One group was reared under natural light (NL), where the tanks were covered with 70% light-reducing shading nets, and the other group was exposed to LL in light-proof tanks. The LL light was supplied by 70-W metal halide lamps (MHW-TD 70W light bulbs; Phillips, Amsterdam, the Netherlands), giving an integrated irradiance of 5.5 3 10 À4 W sec À1 cm À2 just below water surface. Starting December 21, 2004, three tanks of each group were exposed to the other light condition until November 2005, resulting in four experimental groups: 1) NL or 2) LL conditions during the complete experimental period (17 mo), 3) 6 mo of NL followed by 11 mo of LL (NL!LL), or 4) 6 mo of LL followed by 11 mo of NL (LL!NL). Each treatment was performed in triplicate tanks.
Every month, 30 fish were randomly sampled from each treatment. The first 6 mo (July through December 2004), five fish were sampled from each of the six tanks exposed to NL or to LL. From January through November 2005, 10 fish were sampled from each of the three tanks exposed to NL, LL, NL!LL, or LL!NL. There were no statistically significant differences in GSI between animals from the six or three replicate tanks from the same light treatment, so that all data were pooled according to the photoperiod regimen. The mortality was low, with an overall loss of 9% during the 17-mo period. All 60 or 120 fish/mo were sampled on the same day and always in the same sequence of tanks, with a random distribution of the replicates during the sampling day.
At the start of the experiment (July 1, 2004), the fish were prepubertal and 18 mo of age. They weighed on average 807 g, 1750 g in December 2004, and 3391 g at the termination of the experiment in November 2005. The sex ratio was 50% (integrated for all the samplings); testis and blood samples were collected monthly from 10 to 19 males (i.e., there were 11-20 females). After blood sampling, body weight and testis weight were recorded to calculate the GSI (% GSI ¼ testis weight 3 100 / body weight). Testis tissue was fixed in Bouin solution, dehydrated, and embedded in paraffin according to conventional techniques. For morphological analysis, 4-lm-thick sections were stained with hematoxylin-eosin (HE). The presence of running milt in the efferent duct system was noted as ''spawning'' during sampling when slight pressure on the abdomen induced milt release from the genital pore.
Plasma androgen levels were quantified in all animals. The number of males analyzed per treatment group and the sampling date for proliferation (the same number of samples was analyzed histologically after HE staining) or apoptosis are given in Supplemental Table 1 (all supplemental materials are available online at www.biolreprod.org).
Morphometric Determination of the Number of Spermatogonial Generations
The analysis was restricted to the LL-exposed group that contained a subset (35%) of fish showing spermatogenic activity with comparatively small cysts and low GSI values. To investigate if small cysts and low GSI values were related to proceeding through a lower than normal number of spermatogonial mitoses, the number of mitotic cell cycles was determined as described previously [11] and compared with the previously determined results from the NL group of this experiment. To this end, tissue samples were fixed in 5% buffered glutaraldehyde (Merck, Darmstadt, Germany) and embedded in resin (Technovit 7100; Heraeus Kulzer, Wehrheim, Germany) according to conventional techniques. Four to eight cysts were analyzed per animal from three males of the LL group showing spermatogenic activity (randomly selected from November 2004).
Proliferation and Apoptosis
Proliferation of spermatogonia and Sertoli cells was assessed by phosphorylated histone H3 immunodetection as described previously [11] . The protein becomes phosphorylated during the late G2 phase of the cell cycle and remains detectable until the metaphase [30] (i.e., is present in cells preparing to divide).
The TUNEL method was used to localize apoptotic cells. This has been described previously [11] .
The maturation-and photoperiod-induced changes were clear, and individuals showed high or low proliferation activity/apoptosis; intermediate levels were not found (Supplemental Figs. 1 and 2 ). For example, proliferation activity was low before but high after the start of spermatogenesis in the NL group (Supplemental Fig. 1, a and b) , or it was low in LL-inhibited fish (Supplemental Fig. 1e ) but high after transfer to NL (Supplemental Fig. 1, g-i) . With regard to apoptosis, the incidence was low (e.g., in all NL testes and all fish with quiescent testis) or high (e.g., LL testes with spermatogenic activity and testes after transfer from LL!NL during rapid growth phase and low androgen plasma levels) (Supplemental Fig. 2 ). Therefore, quantification of the observations on proliferation and apoptosis was considered unnecessary.
In Situ Hybridization
The full-length open reading frame of the cod androgen receptor was amplified, cloned into the pcDNA3.1/V5-His TOPO vector (Invitrogen, San Diego, CA), and sequenced (GenBank accession number FJ268742; our unpublished results). Then, specific primers (Forward: nucleotides 19-46: 5 0 -GGGCGGGTGTTATTAACCCTCACTAAAGGGTAAGCCAGTCC-CCTCTTGTCGGAAAA-3 0 , with the T3 RNA polymerase promoter in italics; Reverse: nucleotides 499-519: 5 0 -CCGGGGGGTGTAATACGACTCACTA-TAGGGATGAGCACGCGTCTCGGG-3 0 , with the T7 RNA polymerase promoter in italics) were designed to PCR amplify a cod androgen receptor cDNA fragment (;480 bp) for sense and antisense digoxigenin-labeled cRNA probe synthesis using T3 and T7 RNA polymerase, respectively.
Cod testes were collected for in situ hybridization from animals exposed to NL conditions during the rapid growth period in the fall of 2007. Histological analysis showed that proliferating spermatogonia, spermatocytes, and spermatids were present, while spermiation had not occurred yet. The tissue was fixed in 4% w/v paraformaldehyde in PBS, immersed in 20% sucrose at 48C overnight, frozen in Tissue Tek (Sakura Finetek Europe B.V., Zoeterwoude, the Netherlands), and stored at À808C until use. Cryosections of 10-lm thickness were cut at À208C and mounted on Super-Frost slides (Menzel-Glaser, Braunschweig, Germany). In situ hybridization was performed as described by Weltzien and colleagues [31] using sense and antisense cRNA probes at a concentration of 400 ng/ml of hybridization buffer. The ribonuclease A (15 lg/ ml; Sigma-Aldrich, Steinheim, Germany) treatment was performed in RNase buffer (0.01 M Tris, 0.5 M NaCl, 0.005 M editic acid [EDTA], pH 7.5).
Plasma Androgen Assays
Steroids were extracted from plasma samples as described by Hyllner et al. [32] , dissolved in 1 ml of buffer (0.1 M phosphate, pH 7.4, 0.4 M NaCl, 1 mM EDTA, 0.1% bovine serum albumin by heating (608C for 10 min) and were stored at À208C until analysis by ELISA [33] . Steroid standards were purchased at Sigma-Aldrich. Antisera against T and 11-KT were kindly provided by Dr. Silvia Zanuy (Consejo Superior de Investigaciones Científicas, Madrid, Spain) and Dr. David E. Kime (University of Sheffield, Sheffield, England), respectively. Coated microtiter plates (mouse anti-rabbit) were purchased from SPI-BIO (Montigny le Bretonneux, France).
Details on cross-reactivity of the antisera against T and 11-KT were published previously by Rodriguez et al. [34] and Cuisset et al. [33] , respectively. The lower limits of detection were 10 pg/ml for T (ED80) and 20 pg/ml for 11-KT (ED90). Cod plasma dilutions were parallel to the standard curves. The interassay coefficients of variation for the extracted biological reference plasma were 13.5% for T (n ¼ 33) and 10.9% for 11-KT (n ¼ 20). The intraassay coefficients of variation were 5.6% for T and 8.3% for 11-KT.
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Statistical Analysis First, we tested for differences in GSI (of males) between tanks subjected to the same photoperiod regimen during all of the experiment period. No significant differences were found between tanks, and data were pooled according to the photoperiod regimen. Data are presented as mean 6 SEM. Statistical differences of GSI and androgen levels were analyzed by one-way ANOVA followed by Student-Newman-Keuls multiple comparisons test with a significance level of P , 0.05. For GSI, 11-KT, and T, the monthly data were analyzed within (i.e., change over time) and between (i.e., change depending on photoperiod treatment) groups. For analyzing the number of spermatocytes per cyst, unpaired Student t-test was used. To achieve homogeneity of variance, plasma androgen values were log 10 transformed, and GSI values were arcsin transformed.
To analyze a possible relation between sex steroid levels and apoptosis, we first selected individuals that showed spermatogenetic activity (i.e., we excluded animals with quiescent and with fully mature testis [both showing little apoptosis]). This subset (51 males from all groups) was further differentiated into 23 males with rapid spermatogonial proliferation just after the start of spermatogenesis and 28 males whose spermatogenesis had progressed into meiosis/spermiogenesis. Then, we grouped these animals according to the incidence of apoptosis before comparing androgen plasma levels in animals with a low vs. a high incidence of apoptosis.
RESULTS
Spermatogenesis and GSI
In July 2004, all animals presented quiescent testes (i.e., only a few single and/or paired spermatogonia were proliferating). The development under NL conditions has been described previously with regard to GSI and histology [11] but is summarized briefly herein because photoperiod treatment groups are compared with the NL (control) group. In August, spermatogonia and Sertoli cells started proliferating. In September, many large cysts of replicating spermatogonia were observed. Meiosis and spermiogenesis took place from October 2004 to January 2005, the last month that spermatogonial proliferation was observed. Maximum GSI levels were reached in March (Fig. 1a) . The cysts formed a gradient of maturation from the germinative zone (early spermatogonia in the periphery of each lobe) to the most developed cysts close to the collecting duct [11] . Spermiation (i.e., opening of cysts to release spermatozoa into the tubule lumen) was first observed in November 2004 and was completed in February 2005. Spawning was observed regularly from February to April, when GSI values started to decrease and when Sertoli cells started phagocytosing spermatozoa. Removal of residual sperm was completed in July, when GSI values reached minimum values. The second reproductive season started in September with spermatogonial proliferation (Fig. 1a) .
Under constant light (LL) conditions, the following deviations from the NL pattern were recorded. First, in 50 of 77 males, mitotic germ cell proliferation was extremely low, and no maturing cysts were found. These testes were characterized as Fig. 2 , a and d) and were found at all sampling dates in the LL group, although less often during the second summer/fall period (Fig. 1b) . Second, in the 27 males that showed spermatogenic activity, only a limited number of spermatogonial cysts were recruited into mitotic proliferation and meiosis (Fig.  2b) . Accordingly, the GSI did not surpass an average of 2.2% 6 0.76% (Fig. 1b) . Third, the gradient of maturation from the lobes' periphery toward the collecting duct was absent in LL-exposed males that presented spermatogenic activity. Instead, the few developing cysts were randomly distributed throughout the lobe independent of the developmental stage of their germ cells (Fig. 2,  b and c) . There was no significant difference between quiescent and partially spermatogenic developing males with regard to body length or weight (data not shown).
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When NL males were moved to LL on December 21, 2004, none or very few cysts of proliferating spermatogonia were found in January 2005, while they were still abundant in January in testes of the NL group (compare Fig. 2, e and f) . The GSI values decreased rapidly in the NL!LL group (Fig. 1c , February and March 2005), reflecting the completion of spermiogenesis and possibly the release of spermatozoa, while animals in the control group maintained high GSI values up to March. Phagocytosis of spermatozoa by Sertoli cells was noted already in March in the NL!LL group (i.e., 1 mo earlier than in the NL group). From April onward, the males in the NL!LL group showed testes similar to those found in the LL group: 13 of 25 animals showed quiescent testes, while in others a limited number of cysts proceeded through spermatogenesis but without establishing an intralobular gradient of maturation.
Shifting the photoperiod from LL to NL in December 2004 resulted in a rapid testicular weight gain during the following 5 mo (Fig. 1d) , reaching maximum mean GSI values of 7.4% 6 0.6%, similar to those in the control (NL) group. The gradient of maturation was not established in these testes, and the developmental process was compressed in time compared with control conditions. For instance, the period of spermatogonial proliferation was 1 mo shorter than under NL conditions; meiosis and spermiogenesis started 1 mo (instead of 2 mo) after the initiation of spermatogonial proliferation; and spermiation started in March 2005 and was completed in May (i.e., took 1 mo less than in NL controls). Running milt was observed mainly in May and June. At the same time, phagocytosis of spermatozoa by Sertoli cells had commenced, although the highest phagocytic activity was observed in July. The LL!NL group showed a very short (if any) postspawning resting period, and the second reproductive cycle started as early as August. Similar to the developmental sequence of the NL control group, meiosis and spermiogenesis occurred in October, and spermiation started in November. In this second season, the maturational gradient in the testicular lobes was present.
Spermatogonial Generations
Spermatogonia in Atlantic cod under NL conditions divided 11 times before differentiating into spermatocytes [11] . Pachytene spermatocyte cysts in testis from LL males contained significantly (P , 0.01) fewer cells (1463 6 425 cells; n ¼ 3) than the number found under NL conditions (1942 6 360; n ¼ 5) [11] . However, an average in excess of 1400 spermatocytes per cyst is still compatible with passing through 11 mitotic cell cycles. Based on the number of spermatocytes, we calculate that the spermatogenic efficiency up until meiosis under NL conditions was very high (98%) but was reduced to 71% under LL conditions. Apoptosis TUNEL-positive germ cells were rare in the testis of all control (NL) males. When present, they were mainly found among the last spermatogonial generations (Fig. 3a) .
In testis of LL-exposed fish, two patterns were found. In 55 of 77 fish showing a quiescent testis, few apoptotic germ cells were found (data not shown). In 27 of 77 LL fish showing spermatogenic activity, apoptotic germ cells were much more frequent (Fig. 3b) , although fewer cysts had been recruited into development. This high germ cell loss was observed in all months, and apoptotic cells were randomly distributed in the lobes (Supplemental Fig. 2, a-f) . Most apoptotic cells were late spermatogonia.
The rapid testicular growth and active spermatogenesis triggered by the LL!NL transfer also presented a clearly elevated incidence of spermatogonial apoptosis but only during the initial 2 mo (January and February 2005) following the shift in photoperiod (Supplemental Fig. 2, g-i) . When the LL!NL males started the second reproductive cycle in August 2005, spermatogonial proliferation surprisingly again started with an elevated incidence of apoptosis in August and September ( Fig. 3c and Supplemental Fig. 2 , j and k), while samples from October and November ( Fig. 3d and Supplemental Fig. 2l) showed the low level of apoptosis also observed in the control group (Fig. 3a) .
The NL!LL fish behaved from May 2005 onward in a manner similar to that of the group exposed to LL continuously. That is, a high incidence of apoptosis was observed in fish that showed spermatogenic activity in a limited number of cysts.
Cod ar In Situ Hybridization
The mRNA for cod androgen receptor (ar) was detected in the cytoplasm of Sertoli cells. No labeling was seen when sections were incubated with sense cRNA (Fig. 4b) . Not all Sertoli cells showed the same level of ar expression, which 
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varied with the stage of spermatogenesis (Fig. 4a) . Intense staining was observed in Sertoli cells in contact with proliferating spermatogonial clones (Fig. 4c) , identified by the size of the germ cells and by the cytoplasmic extensions of Sertoli cells between germ cells (compare Fig. 4d ). Sertoli cells associated with larger cysts containing spermatocytes showed progressively weaker labeling, while no label was detected in the large spermatid cysts containing numerous small germ cells.
Circulating Androgen Levels
Changes in T levels occurred earlier than those of 11-KT, while 11-KT reached higher (;50%) maximum plasma levels. In the NL group (Fig. 5) , T levels rose moderately from September (significant in October) through December 2004, when the first significant increase in 11-KT levels was also recorded. The levels of 11-KT showed a further 3-fold increase in January 2005 and kept rising (although without statistical significance) to a maximum in March, when most males presented running milt. The T levels increased steeply from December 2004 to a maximum in January 2005, decreased slightly but significantly in February/March, and fell precipitously to low levels together with 11-KT levels in April. Both androgens reached minimum values in June. A re-increase at low levels (,2 ng/ml) started in July and became more prominent with regard to T levels in October and November, when testis growth and spermatogenesis resumed at the beginning of the second reproductive cycle (spermatogonial proliferation). Table 1 gives the results of the statistical comparison of androgen levels.
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In LL-treated animals, both 11-KT and T plasma levels varied at low concentrations. Maximum levels were recorded in April 2005 (Fig. 5) , but a specific pattern was not observed.
In the NL!LL group, T levels peaked in January 2005, similar to the control group. However 11-KT values also peaked in January and were significantly higher (1.7 times) than those in NL control animals ( Fig. 5 and Table 1 ) but decreased clearly by February and decreased to low values by March (Fig. 5) , as opposed to June in the NL group. For the remainder of the study, T and 11-KT plasma levels stayed low in the NL!LL group.
In the LL!NL group, both 11-KT and T plasma levels started to increase significantly in March 2005 (Fig. 5) . Peak levels were reached in May and then fell precipitously to low levels in June. Toward the start of the second reproductive season, the mean plasma androgen levels showed the same pattern as those found in the NL control group (Table 1) .
Because the incidence of apoptosis among late spermatogonia was high in August and September 2005 in the LL!NL group but was low after plasma androgen levels rose in October, we examined a possible relation between spermatogonial apoptosis and androgen levels. To this end, we compared plasma androgen levels in individuals showing spermatogenic activity and a low or high incidence of germ cell apoptosis. As shown in Figure 6 , higher levels of T and 11-KT were found in fish with a low incidence of apoptosis during full spermatogenesis. Statistical significance was also reached for T levels in animals shortly after the start of spermatogonial proliferation but before meiotic cells were present in the testis.
DISCUSSION
A possible way to avoid early male maturation in farmed fish is the use of artificial light, a major external cue entraining rhythms of reproduction in fish [15, 35] . In Atlantic cod, photoperiod manipulation modulates the incidence of sexual maturation, delaying it for a few months in sea cages, arresting it in indoor tanks, or even advancing spawning in compressed photoperiods [3-5, 18-20, 36] . The present study is the first detailed analysis (to our knowledge) of the effects of photoperiod manipulation on spermatogenesis, including spermatogonial proliferation, number of mitotic cell cycles, and germ cell apoptosis in fish. An original aspect of the present study on Atlantic cod is the individual correlation of spermatogenic parameters and plasma androgen levels in a large number of animals.
Under NL conditions, the pubertal maturation of cod testis starts in August with an active proliferation phase of spermatogonia and Sertoli cells, leading to an increase in the number of spermatogenic cysts and germ cell number within the cysts [11] . Meiosis and spermiogenesis start in October, and cysts open to release sperm in the tubular lumen from November to February in preparation for the spawning season from February to April. During this 7-mo period (August to February), spermatogenesis occurs in each individual lobe in a marked gradient of development, with the most advanced germ cells in the vicinity of the collecting duct and the undifferentiated spermatogonia in the periphery of the lobe, where new cysts are produced, realizing large increases in GSI values by appositional growth of the lobes [11] .
Animals exposed to LL presented much lower GSI values throughout the study period and showed low androgen plasma levels. The small changes in average GSI values observed from February 2005 onward reflected the presence of two response modes to LL. As one response mode, 65% of males showed early spermatogonia as the only germ cell type in the lobes (quiescent testes), and there was little change in GSI values over time in these individuals. Previous studies showed that exposure of different fish species to LL similarly delayed or reduced the incidence of male maturation in sea bass (Dicentrarchus labrax) [16] , turbot (Scophthalmus maximus) [37] , Atlantic salmon (Salmo salar) [38, 39] , Senegalese sole (Solea senegalensis) [17] , and Atlantic cod [4, 18, 20] ; the latter study reported reduced androgen plasma levels as well. In sea bass, an LL-mediated suppression of androgen plasma levels was associated with reduced pituitary gonadotropin subunit mRNA levels [40] .
The other response mode to LL was represented by 27 of 77 males, where only a limited number of spermatogenic cysts developed but without establishing a gradient of maturation. FIG. 6 . Male Atlantic cod sorted according to the stage of spermatogenesis and the incidence of apoptosis: a) 11-KT plasma levels (mean ng/ ml). b) T plasma levels (mean ng/ml). The numbers of samples per group are indicated between brackets. For statistical analysis, the values were log transformed; columns labeled with the same letter do not differ significantly (P . 0.05). SG prol., spermatogonial proliferation; full sp, full spermatogenesis; apop, apotosis.
EFFECTS OF LIGHT TREATMENT ON COD TESTIS
The two response modes were unrelated to differences in length, weight, or condition factor (relation between body weight and length; data not shown). Instead, the different responses to LL (complete vs. partial inhibition of spermatogenesis) may reflect differences in the individuals' responsiveness of the brain-pituitary-gonad system to the LL challenge. Moreover, the fact that some cysts completed spermatogenesis, while most others remained quiescent, suggests that each cyst is an independent functional unit that does or does not embark on spermatogenesis in response to a given endocrine signaling. The size (in terms of germ cell number) of developing cysts was smaller in LL-exposed than in control fish, but the recruited cysts completed spermatogenesis and reached the spermiation stage. The possibility that under LL conditions fewer mitotic cell cycles were completed before entering meiosis could be excluded as an explanation for the reduced cyst size. Instead, the reduced size of the cysts could be attributed to the high incidence of germ cell apoptosis, particularly among spermatogonia. Therefore, we conclude that in cod the probably genetically fixed [41] number of mitotic cell cycles is not altered by photoperiod manipulation. Germ cell apoptosis, on the other hand, can be triggered by a wide variety of regulatory stimuli such as change in photoperiod, which is well known in testis of seasonally reproducing mammals [42, 43] . To our knowledge, this is the first time that germ cell apoptosis is described as a consequence of photoperiod manipulation in a teleost species.
The effect of the LL treatment was also demonstrated by the rapid testicular development that took place after the change from the inhibitory LL condition to the permissive or stimulatory NL condition. The GSI attained values as high as those in NL controls but peaked in May 2005 instead of March, reflecting the delayed start of spermatogenesis. Hansen et al. [18] and Davie et al. [20] also observed a 3-mo delay in spawning activity when cod were transferred from LL to NL during winter. We found in the present study that testis development in the LL!NL group was compressed into 5 mo as opposed to 7 mo in the control group. This compressed spermatogenesis took place without establishing the gradient of maturation and with a high incidence of germ cell apoptosis during the first 2 mo (January and February), reminiscent of the situation in the LL-exposed males that showed some spermatogenic activity, while little apoptosis was observed in animals with rising (March and April) or peaking (May) androgen levels. This increase in plasma androgen levels in the third month after the photoperiod change shows that the immediate response (spermatogenic activity) is temporally dissociated from steroid release. The initially low steroid levels (January through February) may be responsible for the high incidence of apoptosis during the same period, considering that the incidence of apoptosis decreased when androgen levels started to rise in May. When fish in the LL!NL group embarked on the second reproductive cycle in August, an elevated incidence of spermatogonial apoptosis was again observed in August and September, in contrast to the NL group. The plasma T levels stayed low in the LL!NL group until the onset of meiosis and spermiogenesis but started to rise in the NL group, associated with the resumption of spermatogonial proliferation (August/September). In a direct comparison, plasma androgen levels were not different between NL and LL!NL fish in these 2 mo. However, when increasing the sample size by comparing androgen levels in fish from all treatment groups showing a low vs. a high incidence of apoptosis, statistically significant differences were found for both androgens and also for T levels for the period when spermatogonial proliferation started (Fig. 6) . This supports the notion of androgen-mediated protection against apoptosis during the period of spermatogonial proliferation.
Androgen effects on germ cells are not direct effects but are mediated via the ar expressed by Sertoli cells [e.g., 21]. The cod ar mRNA expression in Sertoli cells is in line with this notion. In adult zebra fish testis, we have recently found ar mRNA in Sertoli cells but not in germ cells [44] . Identification of the cod ar mRNA staining pattern as Sertoli cell staining is supported by the similar staining pattern observed for another Sertoli cell product, the Fsh receptor, in Japanese eel testis [24] . In cod, ar mRNA was mainly found in Sertoli cells in contact with clones of proliferating spermatogonia. Taken together, it seems that in cod, as in mammals [45] , androgens via Sertoli cells exert protective functions by preventing germ cell apoptosis.
In Japanese eel, 11-KT treatment stimulated spermatogonial proliferation [27] . In Atlantic cod, however, 11-KT plasma levels in the control NL group did not increase significantly from July 2004 until December 2004/January 2005 (Fig. 5) (i.e., 4 mo after the start of spermatogonial proliferation). Plasma T levels, on the other hand, increased already from September 2004 in the NL group, although the concentrations of T and 11-KT were similar from September to November (2-2.5 ng/ml). Preliminary results from ongoing pharmacological studies indicate that the cod Ar responds to T at ;1 nM concentrations but requires ;10 nM 11-KT. Therefore, we assume that the Ar expressed in Sertoli cells in contact with proliferating spermatogonia may respond mainly to T.
In rainbow trout, Fsh but not luteinizing hormone (Lh) plasma levels increased significantly at the beginning of spermatogonial proliferation [46] , and the first increase in GSI levels and the number of spermatogonia were associated with elevated plasma androgen levels [47] . Because Fsh is also a potent steroidogenic hormone in fish [22, 23] , it is possible that Fsh-dependent signaling stimulates spermatogonial proliferation and/or restricts apoptosis, either directly [48] and/or via stimulating steroid production [23, 24, 49] .
The spawning-associated peak of 11-KT is compatible with a role for this androgen in regulating reproductive behavior and the development of secondary sexual characteristics [28, 50] . At the end of the spawning season, 11-KT levels decreased and reached low levels in June/July 2005 (NL and LL!NL) or March (NL!LL). The decrease in 11-KT levels preceded (March for NL!LL) or coincided with (April for NL and June for LL!NL) the start of phagocytosis of sperm by Sertoli cells, so that decreasing androgen levels may signal termination of the spawning season.
We hypothesize that photoperiod information is conveyed by central nervous mechanisms to the gonadotropin-releasing hormone (Gnrh) neurons controlling the activity of pituitary gonadotroph cells. Although the Gnrh-gonadotroph axis is well investigated in fish (e.g., [51] ), there is little information about mechanisms mediating photoperiod information to the Gnrh system. Although melatonin can serve as a neuroendocrine parameter, reflecting the perception of photoperiod cues [52] , investigations failed to functionally link melatonin and reproduction in lower vertebrates [53] , with no evidence of melatonin having a role in the photoperiodic control of reproduction in teleosts. The LL-mediated inhibition of spermatogenesis and testis growth, as well as the low plasma androgen levels, may reflect insufficient gonadotropin signaling. Unfortunately, assays to quantify circulating gonadotropins are unavailable for Atlantic cod. However, work is ongoing to characterize cDNAs encoding pituitary hormones (lh and fsh) and their gonadal receptors from Atlantic cod. Quantification of the respective mRNAs may shed more light 638 on the regulatory background of photoperiod-induced modulation of testis development.
In summary, LL in indoor tanks either silenced testis development completely or severely restricted the number of spermatogenic cysts recruited into spermatogenesis, in association with elevated levels of apoptosis among the spermatogonia that did form. Both effects (i.e., reduced recruitment and increased apoptosis) were associated with reduced androgen levels that in turn may reflect insufficient gonadotropic stimulation.
